This study aimed to optimize ultrasound-assisted palm oil-in-water nanoemulsions. The influence of hydrophilic-lipophilic balance (HLB), oil and surfactants concentrations, ultrasound intensity and processing time were investigated by means of two experimental designs. Desirability profiles were applied to detect the optimal conditions for preparing the nanoemulsion. Stable nanoemulsions with small droplet size and polydispersity index (PDI) were obtained at an HLB of 6.5, oil and surfactant concentrations of 2.8 wt%, ultrasound intensity of 200 W.cm -2 and processing time of 15 minutes. The nanoemulsion presented stability for 30 days at three different temperatures (4°C, 25°C and 40°C), which makes it suitable for application in the food and cosmetic industries. Ultrasound was shown to be a promising technology to produce nanoemulsions containing palm oil.
INTRODUCTION
In recent years, there is a growing interest in natural products by pharmaceutical and food industries due to an increase in the demand for natural substances instead of synthetic compounds. Many vegetable oils are recognized as good sources of functional ingredients and exhibit a great potential as raw materials in the development of natural and eco-friendly products (Badea et al., 2015; Rebolleda et al., 2015) .
Palm (Elaeis guineensis Jacq) is cultivated in 42 countries. It is the most efficient oil crop with the highest yield of oil among the crops. The palm oil is a rich source of the fatty acids and other constituents such as tocopherols, tocotrienols and carotenoids (Teixeira et al., 2013; Mba et al., 2015) . These compounds present high antioxidant and photoprotective activities (Dal Prá et al., 2016) . However, the low stability and solubility of these compounds hampers their utilization in industry.
One alternative is the development and stabilization of an emulsion to incorporate these compounds in a formulation (Silva et al., 2015; Nikolovski et al., 2016) . The incorporation of lipophilic active ingredients in an aqueous phase can be as an oil-inwater nanoemulsion, defined as nano-dispersed oil droplets in an external aqueous phase, stabilized by a surfactant system (Kiparissides and Kammona, 2012; Dias et al., 2014; Rebolleda et al., 2015; Silva et al., 2015; Rodrígues et al., 2016; Nikolovski et al., 2016) . Besides, nanoemulsions are preferable because they are colloidal systems more stable than microemulsions.
Among the methods to obtain nanoemulsions, high-intensity ultrasound is effective and has already shown promising results in the preparation of food/ pharmaceutical nanoemulsions (Kaur et al., 2016) . Cavitation technology has emerged to be an energyefficient and promising technique to generate such nanoscale emulsions encapsulating a variety of highly potent pharmaceutical agents that are water-insoluble. The micro-turbulent implosions of cavitation bubbles reduce primary giant oily emulsion droplets to the nano-scale, spontaneously leading to the formation of highly uniform drug-containing nanodroplets (Sivakumar et al., 2014) .
Ultrasound-assisted nanoemulsions present a lower index of polydispersity and are more stable in comparison with those from mechanical devices (Izquierdo et al., 2005; Li and Chiang 2012) . Factors such as the type of oil, the energy input during emulsification and the geometry of the design of the ultrasound emulsification device affect the emulsion formed. For this reason, several ultrasonic parameters such as irradiation power, irradiation time, volume ratio of phases, surfactant concentration, viscosity, gas content, position of the ultrasonic source with respect to the liquid-liquid interface, tip diameter and vessel geometry must be properly controlled and optimized, so that the effectiveness of ultrasoundengineered nanoemulsions and their physiochemical properties can be guaranteed (Rebolleda et al., 2015; Sivakumar et al., 2014) . Although some authors optimized nanoemulsions prepared by ultrasound (Li and Chiang, 2012; Rebolleda et al., 2015; Alzorqui et al., 2016) , there are few studies reporting its use for nanoemulsions of bioactive compounds from palm (Raviadaran et al., 2018; Parthasarathy et al., 2013) .
Based on these aspects, the main objective of this study was to optimize the process variables (oil and surfactant concentrations, hydrophilic-lipophilic balance, ultrasound intensity and time of ultrasound application) to obtain stable palm oil-in-water nanoemulsions by ultrasound.
MATERIALS AND METHODS

Materials
The palm oil (Elaeis guineensis) was provided by the industry of processing of oils and derivatives Agropalma (Tailândia, PA, Brazil). Tween 80 (polyoxyethylene sorbitan monooleate) and Span 80 (sorbitan monooleate) were purchased from Sigma-Aldrich.
Experimental apparatus and procedure
The apparatus used to prepare the nanoemulsions consisted of a high intensity ultrasonic processor of 400W and frequency of 24 kHz (Hielscher, Model UP 400S) with a titanium probe of 7 mm diameter and ultra-turrax (GE 700 Nurtigen-Alemanha). Palm oil and Span 80 (oil phase), as well as water and Tween 80 (aqueous phase), were homogenized separately in the ultra-turrax for 1 minute at 7000 rpm. The oil phase was mixed with the aqueous phase in the ultraturrax for 1 minute at 7000 rpm. Afterwards, the preemulsion was subjected to the high intensity ultrasonic processor at different intensities and processing times. The total mass of nanoemulsion (palm oil + water + surfactants) used was 30 g.
The effect of process variables on the resulting characteristics of the nanoemulsions (droplet size, polydispersity index and zeta potential) was determined by means of two experimental designs. In the first one, a central composite rotational design (CCRD) was used to evaluate the effects of oil concentration (1-10% w/w), emulsifier concentration (1-10% w/w) and hydrophiliclipophilic balance (HLB) (4.3-15). Ultrasound intensity and processing time were 200 W.cm -2 and 10 minutes, respectively. From the results of the first CCRD, a central composite design (CCD) was conceived in order to study the effects of time (5-15 minutes) and ultrasound intensity (200-400 W.cm -2 ).
At optimized conditions, the stability of palm oilin-water nanoemulsions was determined by measuring the change of droplet size, polydispersity index, zeta potential and pH at 0, 7, 15, 30, 60, 90 days. Three different storage conditions were evaluated: 4 ºC, 25 ºC and 40 ºC.
Nanoemulsion characterization
The droplet size and polydispersity index (PDI) of nanoemulsions were analyzed by dynamic light scattering (DLS) using a Zetasizer Nano ZS ® (Malvern Instruments Ltd. UK). The formulations were first diluted at 1:500 with ultra-pure water to obtain an adequate scattering intensity. Zeta potential (ZP) was measured with the same apparatus by using the electrophoretic light scattering technique. The formulations were now diluted 1:500 in 10 mM NaCl solution. The pH of the nanoemulsions was measured directly on the formulations by using a potentiometer (Digimed ® ). The PDI was a dimensionless measure of the width of the size distribution calculated from the cumulant analysis ranging from 0 to 1.
Statistical analysis
All statistical analyses were performed using Statistica 8.0 software (Statsoft Inc., Tulsa, OK, USA), considering a 90% significance level. Statistical differences between treatments were determined by one-way analysis of variance (ANOVA) and means were separated using the least significant difference test (p < 0.10).
RESULTS AND DISCUSSION
In the first step of study, the concentrations and characteristics of surfactants as well as the concentration of oil to produce nanoemulsions with high stablity were selected. Table 1 presents the results of the effect of oil and surfactant concentrations and HLB on droplet size (DS), polydispersity index (PDI) and zeta potential (ZP) of the nanoemulsions. The values ranged from 98.35 nm (run 5) to 346.80 nm (run 4) for DS, 0.186 (run 11) to 0.631 (run 14) for PDI, -4.96 mV (run 14) to -28.5 mV (run 13) for ZP, and for pH 4.80 (run 16) to 6.14 (run 14).
Data of Table 1 were used to estimate the parameters of a quadratic model for each response. The linear, quadratic and interaction parameters can be related to the effects of each term in the response. Table 2 presents the three models with significant terms (p<0.1) as well as the ANOVA for each one of them. All models presented high values for the determination coefficient, indicating that the predictions of these models are reliable and can explain more than 77% of the experimental variation of the data. The validated models were used to make predictions to better understand the influence of process variables on responses. These predictions are presented in Fig. 1 in the form of desirability profiles.
The droplet size increased with oil concentration. There are three possible explanations for this trend (Tang et al., 2012) : i) with a rise in the oil content, the droplet disruption process could be more difficult due to an increase in the viscosity of the dispersed phase, leading to an increase in the flow resistance and hence the droplet break-up rate would be severely restricted, ii) at fixed emulsifier concentration, it is possible that there is an incomplete coverage of emulsifier molecules on the freshly formed oil-water interface and thus this limitation increases the average droplet size; iii) part of the effect could be attributed to the increased rates of collision frequency, particularly at lower emulsifier concentration, between the emulsion droplets, followed by an ultimate increase of coalescence frequency, subsequently leading to a higher probability of coalescence of droplets.
The increase of surfactant concentration led to an increase of the droplet size and PDI of nanoemulsion. Excessive amounts of surfactant and oil might lead to a lower diffusion rate of surfactants and result in the coalescence of emulsion droplets (Li and Chiang, 2012; Kaur et al., 2016) . This result is corroborated by Alzorqui et al. (2016) , who reported that the Table 1 . Matrix of the experimental results obtained in the CCRD for the nanoemulsions. P is coded HLB, L: is surfactant, O: is oil. F calc : Is the calculated value of the ratio of the two variances (regression and residual). F tab : Is the tabulated value of F. excess amount of surfactant affects the diffusion rate of surfactant as well as the adsorption of surfactantdroplet and therefore leads to an increase of the coalescence of the newly disrupted-droplets. During emulsification, surfactants generally improve the disruption rate by reducing the interfacial tension and also by helping prevent coalescence of droplets. The final droplet size in the emulsion is the net effect of the rate of droplet break-up as well as coalescence, and these are mainly governed by the emulsifier surface activity and concentration (Agrawal et al., 2017; Tang et al., 2012) .
Regarding the PDI increase as a function of oil and surfactant concentration, the reason for this is that the high concentration of emulsifier led to an increase in the flow resistance in the batch emulsification process, which in turn resulted in the larger magnitude of the apparent viscosity of the prepared emulsions. Subsequently, the higher emulsion viscosity caused an attenuation of ultrasonic waves propagation generated near the microtip surface and hence reduced the shear stress predominantly induced by the acoustic cavitation deemed to be responsible for the droplet disruption. Consequently, the increased viscosity resulting from the higher concentration of emulsifier could considerably affect the ultrasound-assisted emulsification efficiency, thereby promoting a higher coalescence rate, which in turn resulted in larger droplet sizes, PDI and lower ZP (Tang et al., 2012) .
The ultrasound-assisted nanoemulsion formation occurs in two steps (Sivakumar et al. 2014) : i) generation of primary droplets, where the acoustic field produces the interfacial waves; ii) the breakup of primary droplets where the acoustic cavitation causes localized intense turbulence and shear forces that produce violently and asymmetrically imploding bubbles and cause microjets which effectively further break the primary droplets of dispersed oil generated in the first stage into droplets of nanometric-size. Resistance of droplets to deformation is determined by the surfactant and its characteristics. In this work, the lowest values of DS and PDI and the highest value for ZP (in module) were obtained for an HLB of 6.5 and for oil and surfactant concentrations of 2.8 wt%. At this condition, the concentrations of oil and surfactant favored the formation of the smallest droplet size with adequate rate of diffusion and effective adsorption of the surfactant onto the newly formed droplets.
After the selection of oil and surfactant concentrations as well as HLB, a central composite design (CCD) was used to study the effects of ultrasound time (5-15 minutes) and ultrasound intensity (200-400 W.cm -2 ) on the characteristics of nanoemulsions. This is an important step in the study, because it is possible to identify the effect of ultrasonic operating parameters on the droplet break-up and coalescence, which are particularly important for obtaining smaller nano-sized emulsion droplets with narrower distribution. In ultrasound emulsification, the rate of droplet break-up is primarily controlled by cavitation-induced shear forces applied to droplets as well as the droplet resistance to deformation (Tang et al., 2012) . Table 3 presents the DS, PDI, ZP and pH obtained in the eighteen runs of the CCD. DS ranged from 167.43 nm (run 1) to 212.47 nm (run 8), PDI from 0.200 (run 6) to 0.358 (run 8), ZP from -14.87 mV (run 5) to -22.0 mV (run 2) and pH from 4.51 (run 5) to 5.79 (run 3). The effects of process variables are presented in Table 4 .
Ultrasound intensity and time of application of ultrasound did not present significant influence (p<0.05) on the responses studied (DS, PDI, ZP and pH). In a general way, there was an optimum power level for attaining the maximum effect of acoustic emulsification. Therefore, there is no further decrease in average droplet size when the maximum dispersity at the given ultrasound intensity has been reached. According to Tang et al. (2012) , at higher operating amplitude, an intense local turbulence and shear flow field is generated in the vicinity of the probe microtip and this larger turbulent force promotes a higher rate of collision between droplets.
The findings that the ultrasound intensity and treatment time were not significant in the studied range of independent variables is associated with a correct selection of oil and surfactant concentrations, surfactant characteristics and ultrasonic parameters. Several authors demonstrated that these variables affect the rate of emulsifier adsorption onto the droplet surface as well as the droplet size distribution of newly formed droplets (Jena and Das, 2006; Li and Chiang et al., 2012) . In this work, a stable emulsion with small droplet size and PDI was obtained at an ultrasound intensity of 200 W.cm -2 and processing time of 15 minutes (run 2).
After two experimental designs, the best condition for the ultrasound-assisted palm oil-in-water nanoemulsion was an HLB of 6.5, oil and surfactant concentrations of 2.8 wt%, ultrasound intensity of 200 W.cm -2 and processing time of 15 minutes. At such conditions, the physical stability of the nanoemulsions was examined under different storage conditions (4 ºC, 25 ºC and 40 ºC) by monitoring the droplet size, polydispersity index, zeta potential and pH for 0, 7, 15, 30 days.
The stability results are shown in Fig. 2 . Independent of storage temperature and time, no visible creaming or flocculation was observed. At 4ºC, the nanoemulsion exhibited good stability, without significant (p<0.05) changes in the droplet size and PDI. However, zeta potential presented a significant decrease in its value. At room temperature (25 ºC), the nanoemulsion presented good stability for 30 days of storage and presented behavior similar to that maintained at 4°C. The droplet diameter increased in this period, and the zeta potential decreased. The greatest variation in the properties of the nanoemulsion was verified at 40 ºC. For example, there was greater variation of pH values, while in the other conditions the pH values were stable. These results are in accordance with the literature (Rebolleda et al., 2015; Alzorqui et al. 2016; Carpenter and Saharan, 2017) .
The good stability of the nanoemulsion obtained in this study may be attributed to the fact that the surfactant concentrations were 6,000 mg/L and 22,000 mg/L for Tween 80 and Span 80, respectively. These concentrations are many times higher than the critical micellar concentration (CMC) of the surfactants (CMC Table 4 . Effect of the variables time and ultrasound intensity on droplet size, polydispersity index and zeta potential. Tween: 13-15 mg/liter, CMC Span: 8 mg/L). Micelles are obtained only for surfactant concentrations above the CMC and are thermodynamically more stable.
CONCLUSIONS
Two experimental designs were conceived to evaluate the influence of process variables on the ultrasound-assisted palm oil-in-water nanoemulsions. Stable nanoemulsions with small droplet size and PDI were obtained at an HLB of 6.5, oil and surfactant concentrations of 2.8 wt%, ultrasound intensity of 200 W.cm -2 and processing time of 15 minutes. The nanoemulsion presented stability for 30 days at three different temperatures (4°C, 25°C and 40°C), which makes it suitable for use in food and cosmetic applications. Ultrasound was shown to be a promising technology to produce nanoemulsions containing palm oil.
